A simple control valve using a magneto-rheological (MR) fluid has been proposed and called the MR valve. The MR valve utilizes the apparent viscosity controllability of the MR fluid in the magnetic field and controls high-level fluid power without moving parts. However, conventional MR fluids have high base viscosities to disperse heavy soft iron particles and lose fluid power in pipes. In this study, low base viscosity MR fluids aredeveloped using lightweight ferrite particles and applied to a bellows-driven motion control system. First, four MR fluids are fabricated with different compositions and the basic characteristics are experimentally investigated. Second, a small-sized three-port MR valve using a permanent magnet is proposed and the most suitable MR fluid is selected through theoretical evaluation to minimize the valve size. Third, the three-port MR valve is fabricated and applied to a bellows-driven motion control system.
INTRODUCTION
Magneto-rheological (MR) fluid is composed of magnetizable particles and base fluid. When magnetic fi eld is applied to the MR fluid, the magnetizable particles form clusters as shown in Fig. 1 and the flow resistance increases, which results in the apparent viscosity increase. The MR fluid is a functional fluid whose apparent viscosity can be controlled by the applied magnetic field intensity. The measured base viscosity at shear rates of 5000-10000s-1 is 280mPa.s. Figure 4 shows the measured static characteristics of the two-port MR valve using MRF-132LD. It is found that the differential pressure AP is independent from the flowrate Q. The fabricated MR valve can be used as a pressure control valve. The dotted lines are derived using the measured base viscosity. Figure 5 shows the relation between shear stress z and magnetic flux density B. The shear stress z is obtained based on the dotted lines in Fig. 4 . The magnetic flux density B is obtained from the applied coil current I through calibration based on the measured relation between the magnetic flux density B and the applied coil current I. The ratio k=2/B=110kPa1T and is called the MR effect coefficient, hereafter. The static characteristics of the two-port MR valve is modeled as follows [3] :
(1) Figure 6 shows the step responses of the two-port MR valve using MRF-132LD. Step responses of two-port MR valve using MRF-132LD Step responses of two-port MR valve using MRF-AS8 term in Eq. (1) is less than lkPa. Choking is often observed for MRF-BL7 with the large particle size. The MR effect coefficient k is obtained like in the previous section. Table 2 shows the obtained results including the value of MRF-132LD. It depends on the magnetization characteristics of the particle materials. Figure 8 exemplifies the step responses of the two-port MR valve using the fabricated MR fluids. With larger amplitude of coil current 41, the step up responses are degraded and the step down responses are improved, 
THREE-PORT MR VALVE USING PERMANENT MAGNET
3.1 Proposition of three-port MR valve using permanent magnet As a practical control valve, a three-port MR valve using a permanent magnet is proposed. Figure 9 shows a schematic of the proposed MR valve. The valve is composed of serially connected 2 two-port MR valves and pressure at the connecting point is controlled applying complementary currents to the upstream and downstream coils. By applying magnetic flux density of a permanent magnet, each coil is downsized. Based on Eq. (1), the load pressure PL and supply flowrate Qs are calculated as follows: (2) (3) where, the variables are defined in Fig. 9 . Assuming Bm=ABmax=Bmax/2, the control pressure range 11PL and the minimum supply flowrate Qsm;n are derived as follows: Figure 12 Hydraulic circuit for three-port MR valve Figure  13 Static characteristics of three-port MR valve magnetic poles have width w=11mm, length l=100mm and gap length h=1.0mm. Figure 10 shows the schematics of the fabricated three-port MR valve. To reduce the valve size, the flow channels are folded. The permanent magnet is a NdFeB magnet with 4mm in width, 31 mm in height and 49mm in length. The number of turns of each coil is N=640 and the measured total electric resistance is 130. In considering the magnetic leak, the sizes of the coils and the permanent magnet are twice as large as the theoretical values. Figure 11 shows the measured magnetic flux density Bo in air. The required characteristics are realized. Also, the sufficiently high response of the magnetic flux density is confirmed. Figure 12 shows the hydraulic circuit for experiments. As a fluid power source, a diaphragm pump (Nikuni Co., Ltd., 25HYS-V. 6.9MPa, 300cm3/s) is used. The diaphragm type does not have sliding parts that are damaged by the dispersed particles. The control port is blocked and the load flowrate is zero. The supply pressure P. is controlled by the throttle valve. With some problems on the pump, in the experiments, the supply pressure is set to be Ps=2.0MPa. Figure 13 shows the measured static characteristics of the three-port MR valve. With the applied coil current I=-0.2-0.2A, a linear relation is obtained. With larger coil current I, the load pressure Pi , is saturated due to the magnetic saturation. Figure 11 shows the linearity of Figure 14 Step responses of three-port MR valve using MRF-AS8 Figure 16 Step responses of bellows displacement computer with the pressure signals measured by semiconductor type pressure transducers with sampling frequency of 500Hz. The internal pressure of the bellows is controlled with the three-port MR valve. The supply pressure is PS 1.2MPa. Figure 16 shows the step responses of the bellows displacement with load of 120N. The rise time of control pressure is far lower than the results of the three-port MR valve without load flowrate, hence, the response of the bellows displacement is degraded. It is thought that the low supply pressure leads to lack of force to sweep away the clusters in the upstream or downstream flow channel.
Experiments of the three-port MR valve

Experimental results
CONCLUSIONS
An MR valve using novel low base viscosity MR fluid is developed and applied to a bellows-driven motion control system. The main results are as follows:
(1) Low base viscosity MR fluids using ferrite particles are proposed and fabricated. The characteristics are experimentally clarified. (2) A three-port MR valve using a permanent magnet is proposed, designed and fabricated. With selecting the most suitable MR fluid, the characteristics are experimentally clarified. (3) A bellows-driven motion control system is constructed and the characteristics are experimentally investigated.
